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ABSTRACT: The thermal rearrangement of basketene to
Nenitzescu’s hydrocarbon has been explored using density
functional theory (M06-2X and @B97X-D) and DLPNO—CCSD-
(T) quantum mechanics. Both the sequential thermally allowed
retro Diels—Alder followed by Cope rearrangement and the
thermally forbidden retro-[2 + 2] cycloaddition were studied.
The controlling role of orbital symmetry rather than reaction
thermodynamics is demonstrated.

Bl INTRODUCTION

Basketene, or pentacyclo[4.4.0.0%°.0%%.0%"]dec-9-ene, is a
polycyclic C,,H;;. The name derives from its structural
similarity to that of a basket. Basketene was first synthesized
in 1966 both by Masamune and Dauben." The synthetic route
starts from the Diels—Alder cycloaddition of cyclooctatetraene
to maleic anhydride, followed by a photochemical [2 + 2]
cycloaddition to close the cage structure and finally
saponification and decarboxylation (Figure 1). The successful
synthesis of basketene laid the foundation for further
experimental studies on its transformations, especially
pericyclic reactions.

T
O
.
!

Na,CO4 %COOH Pb(OAC), @
— T —_—
COOH CsHsN

Figure 1. Synthesis of basketene.

As a member of the (CH), hydrocarbon family, basketene
can be converted to many isomers that share the (CH),,
formula. Famously, basketene (1) undergoes thermal rear-
rangements to form Nenitzescu’s hydrocarbon (3). The
reaction can also be catalyzed by the rhodium catalyst (1)
or LiCB,;Me,,.> The mechanism is known to involve two
allowed pericyclic reactions: a retro Diels—Alder reaction,
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followed by a [3,3] sigmatropic shift, also known as Cope
rearrangement (Figure 2A).*° The measured activation
parameters for the first step are AH* = 29 kcal/mol, AS* = 1
e.n.* and those for the second step are E, = 23.5 + 1 kcal/mol,
log A = 11.5.° Converted to free energies, AG¥ barriers are
28.6 kcal/mol (110 °C, in CD;CN) and 25.5 kcal/mol (55
°C) for the two steps, respectively. The first step is the rate-
determining step.

The mechanism involves this two-step allowed pathway
instead of a one-step forbidden yet direct pathway (Figure
2B).* The first proof is the lack of evidence for a diradical
species. Emission and absorption from chemically induced
dynamic polarization were not observed in the olefinic protons
of 3, a phenomenon otherwise expected in processes involving
diradicals. Second, isotopic labeling experiments align with the
two-step pathway. The proposed mechanism leads to the
deuterium distribution shown in 3’, the thermal rearrangement
product of deuterium-labeled compound 1’ (Figure 2C).
Finally, the kinetic study and trapping are consistent with the
multistep mechanism. The reaction of compound 1 with
tetracyanoethylene (TCNE) led to adduct 4, and the rate
constant was, within experimental error, equal to that of the
thermolysis in the absence of TCNE. Therefore, step a should

Received: May 4, 2023 ]OC
Published: September 28, 2023

https://doi.org/10.1021/acs.joc.3c00993
J. Org. Chem. 2023, 88, 14303—14307


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaolin+Yue"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qingyang+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="K.+N.+Houk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.joc.3c00993&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c00993?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c00993?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c00993?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c00993?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c00993?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/joceah/88/20?ref=pdf
https://pubs.acs.org/toc/joceah/88/20?ref=pdf
https://pubs.acs.org/toc/joceah/88/20?ref=pdf
https://pubs.acs.org/toc/joceah/88/20?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c00993?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c00993?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c00993?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c00993?fig=fig1&ref=pdf
pubs.acs.org/joc?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.joc.3c00993?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/joc?ref=pdf
https://pubs.acs.org/joc?ref=pdf

The Journal of Organic Chemistry

pubs.acs.org/joc

A

1 TS1 2 TS2 3
B
1 TS INT 3
C
-8 . _b |V —_—
R R DR /
R R R R
=H 2 3,R=H
=D 3R=D
CN
CN

Figure 2. (A) Mechanism for the thermal rearrangement reaction of
basketene through the retro Diels—Alder reaction, followed by a Cope
rearrangement. (B) Alternative mechanism of a forbidden yet direct
retro-[2 + 2] reaction. (C) Experiments and the TCNE trapping
result supporting the allowed two-step mechanism.”

be the rate-determining step in the overall rearrangement
pathway.

As computer hardware and algorithms advance and play an
increasingly indispensable role, density functional theory
(DFT) and wavefunction methods have been widely applied
to provide probative evidence for mechanism studies’ and,
specially, to determine between stepwise and concerted
pathways.” Although various experimental and computational
studies have been performed on (CH),, hydrocarbons
recently,”” none involved a study of the rearrangement
mechanism. We now report a computational study of the
thermal rearrangement of basketene to Nenitzescu’s hydro-
carbon using DFT (M06-2X and wB97X-D) and DLPNO—
CCSD(T) to determine the favored mechanism and how strain
and orbital symmetry factors influence the mechanism.

Computational Methods. Geometry optimizations and
frequency calculations were performed with the MO06-2X
density functional'® and def2-SVP basis set,'" while the def2-
TZVPP basis set'' was used for single point energies. All
calculations were performed using the Gaussian 16 program.'”
Transition states were distinguished as having only one
imaginary frequency and were verified by intrinsic reaction
coordinate (IRC) calculations.”> ©@B97X-D'* was also applied
as a comparison to the M06-2X functional. Single point energy
calculations were also performed at the DLPNO-CCSD-
(T)"/def2-TZVPP level of theory using ORCA'® to obtain
accurate results. Free energies were all corrected to 1 mol/L,
and Grimme’s quasi-harmonic approach was used.'” Frequency
correction were performed using the GoodVibes program.'®
3D renderings of structures were illustrated using CYLview."

B RESULTS AND DISCUSSION

The mechanism involving two concerted pericyclic reactions is
shown in Figure 3A. Free energy barriers were calculated using
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Figure 3. (A) Free energy barriers of the two-step pericyclic pathway
calculated by three different quantum mechanics methods, M06-2X,
®B97X-D in round brackets, and DLPNO—CCSD(T) in square
brackets. (B) Structures of transition states TS1 and TS2 in the
allowed pericyclic pathway. The structures are optimized by M06-2X/
def2SVP. Bond lengths are in A.

three representative quantum mechanics methods.”® M06-2X
and DLPNO—CCSD(T) generated barriers of ~31 and 28—29
kcal/mol versus 29 and 26 kcal/mol experimentally,
respectively. wB97X-D values are 34 and 32, respectively,
about S kcal/mol too high. Therefore, the M06-2X functional
was selected as the best method, given full consideration to
both the accuracy and computation cost.

The free energy barriers of the two allowed steps are 30.6
and 28.7 kcal/mol, respectively, showing the first step as the
rate-determining step, which is consistent with the kinetics
study. The two steps are exergonic by 11.0 and 10.0 kcal/mol,
respectively. Geometries of the transition states are shown in
Figure 3B. In both of these allowed pericyclic transition states,
the bond lengths of partially formed double bonds are 1.39 to
1.41 A, respectively, about the same as the C—C bond length
in benzene (1.39 A). The bond lengths of partial single bonds
fluctuate in a small range from 2.1 to 2.4 A, which fall in the
general region between a single bond (~1.5 A) and a broken
bond (~3.5 A).

To understand the role of the ring strain in the allowed
pathway, the retro Diels—Alder reaction of cyclohexene was
studied computationally (Figure 4A) as an unstrained model to
compare with the retro Diels—Alder reaction of basketene
(Figure 4B). Cyclohexene is first converted from the stable
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Figure 4. (A) Energetics of the parent retro Diels—Alder reaction
starting from cyclohexene. (B) Energetics of the retro Diels—Alder
reaction of basketene. The energies are calculated by M06-2X/def2-
TZVPP//M06-2X/def2SVP and are in kcal/mol.

half-chair form 1’-1 into the boat form 1’-2,>' which is the
same conformation as the cyclohexene ring in basketene.
Comparing AH values, the ring opening via the retro Diels—
Alder reaction has a barrier of 58.1 kcal/mol versus 31.6 kcal/
mol for basketene. The latter is 26.5 kcal/mol lower, which is
related to the 47.7 kcal/mol greater exothermicity of the latter
reaction, due to strain relief.

To assess the importance of Woodward—Hoffmann rules in
establishing the mechanism, the forbidden but direct pathway
by a retro [#’s + 7’s] cycloaddition (Figure SA) is compared
to the observed two-step process. A clear example of the
importance of orbital symmetry control, and its transcendence
over thermodynamics, is that 1 undergoes a reaction to 2 that
is exergonic by only 11.0 kcal/mol by an orbital symmetry
allowed retro Diels—Alder cycloaddition, while the alternative
formation of 3 by a retro-[2 + 2] cycloaddition is exergonic by
21.0 kcal/mol, but its barrier is 14.9 kcal/mol higher due to
forbidden orbital symmetry.

The cleavage of the first bond has a free energy barrier of
45.5 kcal/mol. Figure 5B shows that TS connects the reactant
and a very shallow diradical intermediate. The breaking C—C
bond length is 2.35 A at the TS.

The reaction from INT to 3 is a relatively facile process with
a significant reaction barrier. The IRC indicates a high energy
barrier for the formation of 3 and a shallow minimum after TS,
which is similar to the potential energy surface (PES) in
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Figure S. (A) Energetics of the diradical direct pathway. (B) IRC
study of the forbidden pathway and the structure of the transition
state TS and diradical intermediate INT. (C) Energetics of the retro-
[2 + 2] reaction of cyclobutane.

Doubleday’s study of the retro-[2 + 2] cycloaddition of
cyclobutane to form two ethylenes.”” Figure SC summarizes
this. Starting from the intermediate gauche minimum tetra-
methylene diradical, cyclobutane is formed via a single or
double conrotatory CH, twist, the latter having a tiny barrier of
0.5 kcal/mol shown in Figure SC. As for basketene, confined
by the polycyclic structure, the process from INT to basketene
(1) has a calculated barrier of 1.9 kcal/mol, which is
comparable to the Doubleday result.

Singlet diradicals are essentially unstable since there is
intrinsically no significant barrier for forming a single bond
from two radical centers. In DFT calculations, however, there
may be false barriers due to massive stabilization or steric
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hindrance that prevent radical interactions. Here, the 0.8 kcal/
mol barrier in the PES likely results from the need to planarize
the radical and induce a strong overlap with the other radical
center in TS.

While the ring opening of cyclobutane to two ethylenes is
endergonic by 9.3 kcal/mol, the reaction of basketene releases
21.0 kcal/mol of energy. In addition, the free energy barrier for
the ring opening of basketene is 13.5 kcal/mol lower than the
59.0 kcal/mol barrier of cyclobutane, a result of strain
acceleration. However, this barrier is still not low enough to
compete with the allowed reaction, which has a strain relief of
38.1 kcal/mol and a strain acceleration of 27.2 kcal/mol, as
noted earlier.

The potential influences of the solvent and substituent
effects were also examined briefly. The polarities of the
reactant and transition state are very low since this is a pure
hydrocarbon and undergoes a nonionic rearrangement
mechanism. As a result, the solvent effect is insignificant, as
shown in Table 1. Substituent effects were computed for cyano

Table 1. Free Energy Barriers with Frequency Corrections
for Cope Rearrangement (TS2) in Different Solvents
(Given in kcal/mol) Computed at the @B97X-D/def2-
TZVPP//@wB97X-D/def2-SVP Level of Theory at 298.15 K
and 1 mol/L*

solvent free energy barrier from 2 to TS2

no solvent (gas phase) 322
acetonitrile 32.5
ethyl acetate 325
tetrahydrofuran 32.5
benzene 32.6
cyclohexane 32.6

“The results show that the polarity of solvents has little influence on
the energy barrier, even smaller than the accuracy of the computing
methods.

and amino groups as representative electron-withdrawing and
electron-donating groups. The results are given in Table 2. For
the first step, the retro Diels—Alder reaction, the result aligns
with the expectation for substituent effects in Diels—Alder
reactions. When the dienophile is substituted by CN (1-3-CN
and 1-6-CN, which are mirror images) or the diene is
substituted with NH, (1-10-NH,), the free energy barrier is

Table 2. Using Substituted Basketene (Noted as 1-n-R,
Where n is the Number of the Substituted Atoms and R is
the Substituent Group) as the Starting Material, Free
Energy Barriers for the First Step (TS1) and the Second
Step (TS2) in the Two-step Allowed Pathway (Given in
kcal/mol) are Computed at the M06-2X/def2-TZVPP//
MO06-2X/def2-SVP Levels of Theory

free energy barriers

starting material 1 to TS1 2 to TS2
1 30.6 28.7
1-3-CN 29.7 28.6
1-3-NH, 313 28.6
1-6-CN 29.7 28.5
1-6-NH, 313 30.5
1-10-CN 30.8 26.9
1-10-NH, 25.9 28.4
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lowered by about 1 and 5 kcal/mol, respectively. When the
dienophile is substituted by an amino group (1-3-NH, and 1-
6-NH,) or the diene is substituted with a cyano group (1-10-
CN), the barrier is slightly increased by 1 kcal/mol or
negligibly (Table 2). For the second step, the [3,3] sigmatropic
shift, CN groups at C6 and C10 lower the barrier by 0.2 and
1.8 kcal/mol, respectively, while amino increases the barrier by
1.8 at C6 and decreases it by 0.3 kcal/mol at C10. At C3, CN
and NH, reduce the barrier by very little, 0.1 kcal/mol. These
substituent effects are in part caused by stabilizing effects on
the double bonds in ground states or influences on the rather
dissociative style transition states for the Cope rearrangement
shown in Figure 3-TS2.

B CONCLUSIONS

We calculated the allowed and forbidden mechanisms for the
thermal rearrangement reaction of basketene to Nenitzescu’s
hydrocarbon. A two-step symmetry allowed pathway is found
to be much better than a forbidden yet direct process, as
expected but now defined quantitatively. This reiterates the
predominance of orbital symmetry over thermodynamics in
the establishment of mechanisms; here, two 10 kcal/mol
exergonic reactions occur by the allowed pathway much more
readily than one 20 kcal/mol exergonic forbidden process. The
free energy barrier of multistep retro Diels—Alder, Cope
mechanism is 14.9 kcal/mol lower than that of the one-step
forbidden retro-[2 + 2] reaction. We also revealed that the ring
strain in basketene accelerates the retro Diels—Alder reaction
by 27.2 kcal/mol and facilitates the retro-[2 + 2] reaction by
13.5 kcal/mol. In conclusion, the concerted pericyclic pathway
is the most favorable mechanism, due primarily to an orbital
symmetry controlled electronic preference, in spite of the
greater strain relief in the retro-[2 + 2] pathway.
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